Abstract: We propose a wavelength division multiplexing-carrier-less amplitude/phase modulation-passive optical network (WDM-CAP-PON) downstream with enhanced bandwidth efficiency using low-cost digital Hilbert single-sideband modulation. For each optical subcarrier, there are as many as four 10-Gb/s digital channels carried by a Nyquist subcarrier multiplexing scheme, which can be efficiently generated only using one push-pull Mach-Zehnder modulator (MZM). Compared with the conventional systems with independent optical transmitters and a double-sideband modulation format, the proposed system requires at least four times fewer downlink optical transmitters at the optical line terminal (OLT), which can be translated into savings in cost, power consumption, and footprint, as well as significant mitigation of the power fading effect in fiber transmission.
Introduction
Wavelength division multiplexing passive optical network (WDM-PON) with dedicated 10 Gb/s per channel or user is expected to meet the huge capacity demand in next-generation heterogeneous mobile communication networks [1] - [3] . To better mitigate the system impairments in the digital domain, WDM-PON systems in cooperation with several subcarrier multiplexing techniques like orthogonal frequency-division multiplexing (OFDM) and carrier-less amplitude/phase modulation (CAP) have been proposed [4] - [6] . In particular, [5] and [6] have demonstrated the feasibility of CAP architecture in access networks. The CAP based on the intensity modulation and direct detection allows relatively high data rate by optimize the use of optical and electrical components of limited bandwidth. In these cases, the CAP technique is restricted by the complicated external architecture. OFDM is a method by encoding digital data on multiple orthogonal carriers, which is with high spectral efficiency and respected to improve the chromatic dispersion tolerance due to the use of cyclic prefix. In [7] and [8] , the multi-band OFDM channels have been introduced into the WDM-PON. However, implementing IFFT-based OFDM at multi-10 Gb/s bit rate is restricted by the operation speed and expense of electrical circuitries such as digital-to-analog converter (DAC)/analog-to-digital converter (ADC), and the drawback of peak-to-average power ratio (PAPR) has to be overcome. Recently, the advances in high-bandwidth DAC have motivated the implementation of high-speed analoguedigital subcarrier multiplexing (SCM) schemes, which can significantly reduce the complicated external architecture with high speed CAP. Meanwhile, [9] and [10] have first proposed and demonstrated the multi-level multi-band CAP (MM-CAP) to extend the bandwidth of each channel for high speed short-range optical networks recently.
Conventionally, the CAP is realized by using intensity Mach-Zehnder Modulator (MZM) with double sideband (DSB) modulation format. However, the image part of the signal by DSB is redundant after optical-to-electrical conversion. Consequently, the CAP technique with wide extended spectrum is confronted with another problem of the signal power fading effect in the fiber transmission because of the chromatic dispersion (CD) and direct detection (DD) at the receiver [10] , [11] . Most recently, the transmission of multicarrier single sideband (SSB) optical signals is considered to be robust against fiber dispersion and power fading by CD, without requiring additional pre-and post-processing. In [10] , to conquer the power fading effect, the external optical filters are used to generate the optical SSB CAP signal. This technique, however, will increase the cost of all WDM-PON channels, and the system received optical power sensitivity is decreased.
Therefore, in this paper, we propose and demonstrate a bandwidth-efficient 10 G/s-per-channel WDM-CAP-PON based on digital Nyquist Hilbert single-side-band (H-SSB) modulation format. Such high-speed multi-band CAP signal is first generated by using a low-cost push-pull dual-arm MZM. There are two key advantages of H-SSB modulation implemented here: 1) to double the bandwidth efficiency with low component cost and 2) to increase the robustness of CAP signal against the spectrum fading effect in the fiber transmission. In our experiment, 4 Â 10-Gb/s downlink channels per optical transmitter are constructed by DAC at the optical line terminal (OLT). It is highly desirable to utilize the bandwidth efficiently which can be enabled by zero-roll-off Nyquist pulse shaping, and the referenced-based pre-equalization is utilized to compensate for the impairment caused by limited channel bandwidth. All 32 downlink channels can be accounted for as follows: eight lasers in the OLT and four digital CAP sub-channels per wavelength with each carrying Nyquist 16QAM (N-16QAM) signals at 12 Gb/s. The bit-error-ratio (BER) performance below the pre-FEC limit of 2 Â10-2 at an optical distribution network (ODN) loss budget of 28.02 dB is achieved in the proposed WDM-CAP-PON architecture for heterogeneous communication networks.
Principle for WDM-CAP-PON Based on Digital Hilbert Single-Side-Band Modulation
The upper part of Fig. 1 shows the principle for the single wavelength case of the bandwidth efficient WDM-CAP-PON employing N-16QAM and H-SSB modulation. The number of taps for the RRC is 512, and the roll-off factor is 0 to avoid the crosstalk of the adjacent channels. Then the N-16QAM sub-channels are up-converted sequentially. The digital signal processing and generation are programmed in a 60 Gsa/s FPGA programmed DAC with the 3-dB bandwidth of 12 GHz. The N-16QAM signals are with the Pseudo-Random Binary Sequence (PRBS) length of the 215 and symbol rate of 3 Gbaud. Fig. 1(a) shows the location of the n channels before H-SSB. The guard band of the adjacent sub-channels is 0.1 GHz.
The 16QAM signal can be expressed as
where X s and Y s are the amplitude of I, Q component, respectively. ! s is the 16QAM subcarrier frequency. The bank of 16QAM signals are Nyquist pulse shaped by a root-raised cosine filter (RRC) after independent data mapping. The up-converted 16QAM baseband signals for the CAP signal generation can be expressed as
where ! si (i ¼ 1; 2; 3; 4) is the subcarrier frequency for each 16QAM channel, and the ! u is the up-conversion angular frequency for 16QAM channels. The optical field after the laser is defined as
where A is the amplitude of the optical field, and ! c is the angular frequency of the optical carrier.
The optical field at the output of the push-pull dual-arm MZM is given by
V 2 ðtÞ is the Hilbert converted CAP signal. When the frequency band of 16-QAM satisfied j! s j ! u , there is such a relationship about Hilbert conversion
Therefore, the Hilbert converted CAP signal can be obtained as
where V bias1 and V bias2 are the DC bias voltage applied to arm one and two, respectively. V DC is the switching bias voltage of the push-pull modulator. b 1 and b 2 are with constant value. If By introducing (2), (3), (6) , and (7) into (4), (4) can be expressed as
If we let ¼ b 1 , 2 ¼ 0, and 2 ¼ 0:5, the output signal for the push-pull dual-arm MZM is
where k ¼ AjJ k ðÞðj k þ jÞj=2, and k ¼ arctg½J k ðÞðj k þ jÞ. J k ðÞ is the coefficient of expansion of Bessel function. is the modulation index. k is the order of sideband.
If we neglect high-order components by setting
can be expressed as
It can be seen in (10) that only the carrier and positive first-order sideband can be preserved in theory. The optical spectrum of CAP signal by H-SSB is shown as Fig. 1(b) , the residual image side bands are due to the non-ideal H-SSB. The major benefit of the H-SSB is the ultraefficient use of the wavelength bandwidth. It is noted that there is no need to do the external synchronization between the dual-path CAP signals driven on dual-arm MZM because all the H-SSB including the digital synchronization is realized in DAC. Fig. 1(lower) shows the magnitude and phase of signals by DSB and H-SSB after fiber transmission and DD. Since the spectrum of CAP signal is significant extended by the multi-band service, DSB modulation always suffers from the power fading effect caused by CD and DD [10] , but H-SSB significantly mitigates the power fading effect because only the positive frequency part goes through the DD, compared to the conventional DSB.
Experimental Setup and Results
Fig . 2 shows the proof-of-concept experimental setup for WDM-CAP-PON based on Nyquist H-SSB. The generation of single wavelength CAP is realized as described above. The eight CW lasers with channel spacing of 50 GHz are combined by a polarization maintenance optical coupler. A reference-based digital pre-equalization (RPE) is utilized to fully compensate the bandwidth limitation and linear distortion of the optical transmitter, including the DAC, drivers, MZM, and optical receiver [11] . The electrical spectrums of the single wavelength CAP signals with and without RPE are shown as Fig. 2(a) and (b) , respectively. It can be seen that the electrical spectrum of the four-channel CAP signal with pre-equalization has the function of flatlike profile by 9-dB high-frequency components emphasis. After H-SSB by a push-pull dual-arm MZM, the optical spectrum of the single channel and WDM downstream signal cases are shown as Fig. 2(c) and (e), respectively. For comparison, the optical spectrum based on DSB is shown as Fig. 2(d) . Compared to the full bandwidth of the DSB, the optical spectrum of the H-SSB is with a suppression ratio of the image part of 16 dB. After the optical power boost by EDFA, the signal with 15-dBm input power is launched into a span of 80-km SMF-28 with the loss of 16 dB and chromatic dispersion of 17 ps/km/nm at 1550 nm. At the optical network unit (ONU), the DD is realized by a 12.5-Gb/s optical receiver after the wavelength selection by a 0.32-nm tunable optical filter. The analog-to-digital converting is realized in the digital scope with 50-Gs/s sampling rate and 20-GHz electrical bandwidth. For each ONU, one of the 16 Nyquist H-SSB channels is selected by digital down-conversion and RRC match filtering in the front-end DSP. After that, the signals are processed by ×2 re-sampling and chromatic dispersion (CD) compensation. The 13-tap butterfly digital filters based on multimodulus algorithm (MMA) are used for the polarization de-multiplexing. The 4-th power ViterbiViterbi algorithm is employed to estimate the frequency offset, which should be ±1/8 of the symbol rate (around 0.2 GHz). The phase recovery is obtained by using feed-forward blind phase search (32 phase test values) and Decision-Directed Least-Mean Square algorithms for phase noise removal [12] . Finally, the BER is calculated after decision.
We measure the performance of the four sub-channels at 1550.15 nm. Fig. 3 shows the backto-back (BTB) BER for all four sub-channels at the received power of −21 dBm with and without pre-equalization, respectively. It can be seen that the poor performance of sub-channels at the high frequency due to the bandwidth limitation of DAC, is consequently fully compensated by pre-equalization. The corresponding constellations of 16QAM with and without pre-equalization are inserted in Fig. 3. Fig. 4 shows the BER performance for the WDM channel at 1550.15 nm before and after 80-km SMF-28 transmission as a function of received optical power. For the BTB condition, the required received power at the BER of 2 Â 10 À2 is −22.5 dBm with sets consisting of 10 Â 32768 symbols. There is 0.8-dB power penalty after 80-km SMF-28 transmission due to the nonlinear effect on high-order modulation format. The BER performance of the 32 channels after transmission is shown in Fig. 5 with the received power of −28.02 dBm per channel. A high loss budget of 28.02 dB is obtained. After 80-km SMF-28 transmission, the BER of all channels is smaller than 2 Â 10 À2 : a soft-decision FEC limitation. The optical spectrum (Resolution: 0.02 nm) of the WDM-CAP-PON signal after transmission over 80-km SMF-28 is shown as Fig. 5(a) .
Conclusion
We have experimentally demonstrated a bandwidth efficient WDM-CAP-PON based on digital Hilbert single side band modulation and pre-equalization. 32 channels with 10-Gb/s (removing the 27% FEC overhead) vector-modulated Nyquist 16QAM per channel can be delivered simultaneously. The experimental results show the potential applications in supporting future high capacity and bandwidth-efficiency WDM-PON systems, which can substantially mitigate fading effect at low cost for heterogeneous communication networks. 
